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Abstract The surface layer of the southeast Pacific Ocean (SEP) requires an input of cold, fresh water to
balance heat gain, and evaporation from air-sea fluxes. Models typically fail to reproduce the cool sea sur-
face temperatures (SST) of the SEP, limiting our ability to understand the variability of this climatically
important region. We estimate the annual heat budget of the SEP for the period 2004–2009, using data
from the upper 250 m of the Stratus mooring, located at 85�W 20�S, and from Argo floats. The surface buoy
measures meteorological conditions and air-sea fluxes; the mooring line is heavily instrumented, measuring
temperature, salinity, and velocity at more than 15 depth levels. We use a new method for estimating the
advective component of the heat budget that combines Argo profiles and mooring velocity data, allowing
us to calculate monthly profiles of heat advection. Averaged over the 6 year study period, we estimate a
cooling advective heat flux of 241 6 29 W m22, accomplished by a combination of the mean gyre circula-
tion, Ekman transport, and eddies. This compensates for warming fluxes of 32 6 4 W m22 due to air-sea
fluxes and 7 6 9 W m22 due to vertical mixing and Ekman pumping. A salinity budget exhibits a similar
balance, with advection of freshwater (260 psu m) replenishing the freshwater lost through evaporation
(47 psu m) and Ekman pumping (14 psu m).

1. Introduction

The southeast Pacific Ocean (SEP) features the world’s largest and most persistent subtropical stratocumulus
cloud deck, as well as some of the coolest sea surface temperatures (SSTs) of all subtropical regions. The
clouds, extending from the equator to central Chile and approximately 1500 km offshore, contribute to
Earth’s radiation balance and climate by reflecting incoming solar radiation [Hartmann et al., 1992; Klein and
Hartmann, 1993]. Although the clouds reduce the amount of solar radiation reaching the sea surface [Ma
et al., 1996; Gordon et al., 2000; de Szoeke et al., 2012], the SEP is a region of ocean heat gain and strong
freshwater loss from air-sea fluxes [Colbo and Weller, 2007; Yu and Weller, 2007]. A combination of oceanic
processes must therefore maintain the cool surface layer of the SEP; these processes are difficult to repro-
duce in models and to diagnose in observational studies, yet crucial to predicting and understanding cli-
mate variability.

Many coupled Global Climate Models (GCMs) do not correctly reproduce the SEP’s cool SSTs or the exten-
sive stratus clouds, limiting the models’ abilities to simulate Earth’s climate [Mechoso et al., 1995; Boville and
Gent, 1998; Ma et al., 1996; Lin, 2007; de Szoeke and Xie, 2008; Lauer et al., 2010], as well as our ability to
understand the mechanisms regulating the SEP. For example, all 19 coupled GCMs used in the Intergovern-
mental Panel on Climate Change (IPCC) Fourth Assessment Report had warm SST biases in the SEP [Zheng
et al., 2011]. The inability of coupled GCMs to simulate the SEP has been attributed to poor model represen-
tation of both upper ocean heat transport and the surface heat budget [Large and Danabasoglu, 2006;
de Szoeke et al., 2010; Zheng et al., 2010; Colas et al., 2011].

The Stratus mooring, deployed at 85�W 20�S in the SEP since 2000, provides unique observations of the
entire water column as well as the meteorological conditions and air-sea fluxes. In one attempt to estimate
the heat budget of the upper 250 m of the SEP from observations, Colbo and Weller [2007] used the first
4 years of data from the mooring. Over this period, the mooring recorded an annual net surface heat gain
of approximately 44 W m22. Heat advection due to the mean geostrophic gyre circulation compensated for
slightly under half of this heating. One of the key assumptions of their study was that the World Ocean Atlas
historical climatology and a collection of CTD profiles could be used to estimate the horizontal temperature
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gradients; these gradients were assumed invariant to calculate the mean heat advection over the entire 4
year study period. Ekman transport, Ekman pumping, and vertical mixing made negligible contributions to
their budget. Thus, Colbo and Weller [2007] proposed that the horizontal eddy heat flux divergence
accounted for the residual cooling necessary to balance the heat budget, though they could not directly
estimate it. Specifically, they suggested that eddies in the SEP, which form near the coast and propagate
westward [e.g., Chaigneau and Pizarro, 2005a; Johnson and McTaggart, 2010; Chelton et al., 2011; Chaigneau
et al., 2011], transport cool, upwelled coastal waters offshore.

A number of recent studies, however, have suggested that eddies do not contribute to the offshore heat
balance of the SEP. Zheng et al. [2010], using a GCM, found that the net incoming solar heat flux of 18 W
m22 was nearly fully balanced by the gyre circulation of upwelled cold water from the coast. Colas et al.
[2011] found that a combination of mean circulation, with a small contribution from Ekman transport, bal-
anced atmospheric heating of approximately 20 W m22. Both of these modeling studies reported incoming
solar heat fluxes that were less than half of the flux observed by the Stratus mooring in Colbo and Weller
[2007]. These studies, as well as Toniazzo et al. [2010], argued that the eddy heat flux divergence was not
spatially coherent, and therefore was unlikely to contribute to the SEP’s heat balance. In an observational
study based on hydrographic data from cruises, Argo float profiles, drifter records, and satellite sea surface
temperature fields, Holte et al. [2013] also found little evidence for a strong eddy heat flux in the surface
layer of the SEP; within each data set, the mean eddy surface temperature anomalies were small, and of
approximately equal magnitude but opposite sign for cyclonic and anticyclonic eddies.

The biased modeling results, the limited observational studies, and the inconsistencies between previous stud-
ies suggest that the SEP’s heat balance remains an open question. Since Colbo and Weller’s [2007] study, the
Stratus mooring has collected 7 additional years of data. During this period, significant trends in surface wind
stress, latent heat flux, and the net heat flux have been observed (R. Weller, Variability and trends in surface
meteorology and air-sea fluxes at a site off Northern Chile, submitted to Journal of Climate, 2014). At the same
time, the Argo array of profiling floats can now provide information about the horizontal ocean structure near
the Stratus mooring.

In this study, we use a novel method combining Stratus mooring data with Argo profiles to examine the
annual heat balance for the upper 250 m of the Stratus mooring record; we want to understand how the SEP
maintains relatively cool surface temperatures despite such strong surface forcing. Whereas Colbo and Weller
[2007] relied on the World Ocean Atlas historical climatology to estimate the meridional temperature gradient
and on a collection of CTD and XBT profiles to estimate the zonal temperature gradient, we use Argo profiles
to estimate the monthly horizontal temperature gradients near the Stratus mooring. These gradients, as well
as the velocity measurements from the mooring, are used to calculate the horizontal heat advection. Because
we estimate profiles of the horizontal heat advection using monthly fields, our advection term includes contri-
butions from the gyre circulation, Ekman transport, and eddies. The residual of the budget includes all proc-
esses with time scales that are not resolved by our monthly data. The budget is evaluated for 2004–2009.

Averaged over the 6 year study period, we find that a cool advective heat flux of 241 6 29 W m22 (annual
mean 6 standard error) compensates for a warming air-sea heat flux of 32 6 4 W m22, as well as a warming
flux of 7 6 9 W m22 due to vertical mixing and Ekman pumping. Although the residual of our budget is small
(2 6 29 W m22), the advection term is highly variable year to year, likely due to the passage of numerous
eddies as well as to the 2007–2008 La Ni~na; this implies that a long data record is crucial to resolving and
understanding the heat budget of the SEP. A salinity budget exhibits a similar balance, with advection of
freshwater replenishing the freshwater lost through evaporation and Ekman pumping. The discrepancies
between our study and Colbo and Weller [2007] are considered in the discussion, as well as the implications of
our results to understanding the interannual variability of the SEP and to observing and modeling the SEP.

The rest of the paper is organized as follows: Section 2 describes the heat budget equation and outlines the
Stratus mooring and Argo data used to evaluate it, as well as various remote-sensing products used to sup-
plement the in situ observations. Section 3 describes the results of the heat budget calculation. Section 4
outlines the salinity budget. The findings are summarized and discussed in section 5.

2. Methodology and Data

We examine the annual heat balance for the Stratus mooring using the same formulation of the heat equa-
tion as Colbo and Weller [2007]:
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where T is the temperature, Qnet is the net surface heat flux, cp is the specific heat of seawater at constant
pressure, qo is the density, u is the velocity, wE is the Ekman pumping velocity, u0T 0 and v0T 0 are the ‘‘eddy’’
correlations of velocity and temperature, and jv is the vertical diffusivity. The budget is evaluated with
monthly terms, integrated down to depth zo (250 m), and averaged to produce annual means. The terms in
equation (1) represent, from left to right, heat storage, air-sea heat flux, heat advection, Ekman pumping,
‘‘eddy’’ heat flux divergence, and vertical mixing. As in Colbo and Weller [2007], we have insufficient observa-
tions to calculate the correlations in the eddy heat flux divergence term directly, so this term will be the
residual of the budget. We express all of the terms in equivalent heat flux units, W m22. The terms in equa-
tion (1) have units �C s21; multiplying by cpqo converts the units to W m22. A positive heat flux represents
warming. For each term in the budget, we calculate the mean annual values as well as the interannual
standard error of the mean annual values. The standard error for each term is calculated as r=

ffiffiffi
n
p

, where r
is the standard deviation of the mean annual values and n is the number of years, 6.

We evaluate the heat budget equation using data from the Stratus mooring, which has been deployed at
85�W 20�S in the SEP since November 2000 (Figure 1). The mooring was serviced every year and rede-
ployed in the same location. Complete descriptions of the mooring instruments and their calibration, as
well as the standard mooring setup and deployment procedures can be found in Colbo and Weller [2007,
2009].

The upper 250 m of the mooring line was heavily instrumented, measuring temperature, salinity, and veloc-
ity at 15–20 depth levels (Figure 2a). The vertical positions of the instruments mounted on the mooring line
varied slightly between the different deployments. Temperature instruments, primarily SeaBird Electronics
SBE-16s, SBE-37s, and SBE-39s, were closely spaced near the surface and more widely spaced at depth. The
temperature record (Figure 2b) was interpolated between the surface and 250 m at 5 m spacing. Before
computing the heat budget the temperature record was averaged into monthly bins.

The mooring was instrumented with four different types of current meters providing hourly estimates of
velocity. An RDI 300 kHz Acoustic Doppler Current Profiler (ADCP) provided velocities near the surface. Point
measurement current meters, including Vector Measuring Current Meters, and subsequently Aanderaa and
Nortek instruments, were deployed at multiple locations on the mooring line. The velocity record (Figures
2c and 2d) required considerable postprocessing. We examined the current meter records for each mooring
deployment and eliminated instruments and ADCP bins that consistently deviated from the other velocity
measurements. For example, the ADCP bins shallower than 50 m suffered from low backscatter during the
day due to the diel migration of zooplankton, so our analysis retained only bins deeper than 50 m. Using
nearest-neighbor interpolation, the uppermost velocity observations from the other current meters (usually
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Figure 1. (a) Average temperature (color) and salinity (white contours) between 125 and 175 m generated from 12,628 Argo profiles. The
temperature and salinity fields are averaged into 2� bins. The Stratus mooring (large black dot) is located at 85�W 20�S. The black circle
surrounding the mooring represents a range of 300 km from the mooring. The small black dots denote the locations of the Argo profiles
collected between 13 February 2003 and 1 June 2013. The 15 Argo profiles closest to the Stratus mooring from March 2008 are marked by
red dots. (b) Mean dynamic topography (color) and Ekman transport (arrows) over the Argo time period. The mean SST contours (white
contours) and the location of the Stratus mooring (black dot) are also plotted.
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at around 10 m) were extended to the surface. The current meter records used in the heat budget calcula-
tion are shown in Figure 2a.

Some Stratus mooring deployments are missing large sections of velocity data, such as when the ADCP
failed during 2002. These periods are denoted by dashed boxes in Figures 2c and 2d. To fill in the missing
velocity data, we first create a set of typical velocity profiles by binning the weekly averaged velocity pro-
files according to their average velocity over the 75–125 m depth range. The 75–125 m depth range tends
to have the highest velocities outside of the near-surface layer. The bins are spaced from 20.4 to 0.4 m s21

with a width 0.05 m s21. For each incomplete weekly averaged velocity profile, the typical profile that most
closely matches the incomplete profile’s available data in a least squares sense (the typical profile that mini-
mizes the sum of the squared differences between the available data and the typical profile) is then used to
fill in the missing velocity data. To compute the heat budget the velocity is averaged into monthly bins and
interpolated to the same grid as the temperature measurements.

The surface buoy had redundant systems that measured air and sea surface temperatures, humidity, baro-
metric pressure, wind speed and direction, incoming shortwave and longwave radiation, and precipitation
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Figure 2. Time series of (a) instrumentation, (b) temperature, (c) meridional velocity, and (d) zonal velocity, averaged into weekly bins, for the
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every minute. Fairall et al.’s [2003] COARE 3.0 algorithm was used to calculate the latent and sensible heat
fluxes. Further discussion of the annual, interannual, and long-term variability in the surface meteorology
and air-sea fluxes at the site is provided by Weller [2014].

Our study also employs 12,628 Argo profiles collected between 13 February 2003 and 1 June 2013 in a
region extending from 10�S to 30�S and 70�W to 100�W (Figure 1a). Argo floats generally sample to a depth
of 2000 m and measure temperature, salinity, and pressure at roughly 75 depth levels. Vertical sample spac-
ing for most floats is less than 20 m to depths of 400 m, below which the spacing increases to 50 m. Argo
data are available online at http://www.usgodae.org/argo/argo.html.

A number of satellite products are used in this study. To calculate Ekman pumping and transport, we use
surface wind stress fields from the Cross-Calibrated, Multi-Platform (CCMP) Project [Atlas et al., 2011]. The
product provides estimates of wind stress on a 0.25� grid at 5 day intervals and is available online at http://
podaac.jpl.nasa.gov/. We also use Remote Sensing Systems’ optimally interpolated SST fields, produced by
blending fields from the TMI and AMSR-E instruments. The product is adjusted to approximate nighttime
SSTs with an empirical model of diurnal warming [Gentemann et al., 2003], and is available on a daily, 0.25�

grid. This SST product is available online at http://www.ssmi.com/. Merged ‘‘Reference’’ Sea Level Anomaly
(SLA) fields from Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO), available on a
weekly, 0.25� grid, and CNES-CLS09 v1.1 mean dynamic topography fields [Rio et al., 2011] are also used to
examine changes in circulation near the mooring site. The altimetry data are provided online at http://www.
aviso.oceanobs.com. The Multivariate ENSO (El Ni~no-Southern Oscillation) Index was obtained at http://
www.esrl.noaa.gov/psd/enso/mei/index.html.

3. Stratus Mooring Heat Budget

In this section, we examine the terms of the heat budget (equation (1)). Again, a positive heat flux repre-
sents warming. For each term, we calculate the 6 year mean value as well as the standard error. The error
estimates taken from Colbo and Weller [2007] are their estimates of each term’s error.

3.1. Heat Storage
On annual time scales, we expect the heat storage term to be approximately zero. Averaged over the 6 year
study period, the annual heat storage is 0 6 0.1 W m22 (mean 6 standard error). Some interannual variabili-
ty is evident in the temperature record (Figure 2b); in particular, the winter of 2006 featured a particularly
warm and shallow mixed layer, whereas the winter of 2007 featured an especially cold mixed layer. The
mixed layer properties during our study period are similar to those during Colbo and Weller’s [2007] study
period; the average mixed layer was only 0.1�C warmer and 0.5 m deeper during our study period.

3.2. Air-Sea Heat Flux
The net heat flux over our study period is 32 6 4 W m22 (Table 1 and Figure 3). This flux is considerably
smaller than the net heat flux of 44 6 5 W m22 observed by Colbo and Weller [2007]. The decreased net
heat flux is mostly due to an increase in ocean latent heat loss, although a reduction in incoming shortwave
radiation and an increase in ocean long wave cooling also contributes (Table 1). Compared to the average
annual cycle over 2001–2004, the typical year from 2004 to 2009 features a longer period of ocean heat loss
during the winter, as well as a consistently weaker net heat flux throughout the entire year (Figure 4b). Pre-
cipitation at the Stratus mooring is minimal and the latent heat flux is relatively strong (Figures 3a and 3c),
corresponding to an annual evaporation rate of nearly 1.3 m of freshwater per year.

The mooring is located south of the center of the trade wind jet, and so the mooring mostly measures the
southeasterly trade winds (Figure 3b). The average wind stress over 2004–2009 increased 15% relative to
2001–2004 (Figures 3b and 4c). Besides strengthening, the winds shifted 3� westward for 2004–2009 rela-
tive to 2001–2004. This increase in wind stress likely influenced the observed changes in the air-sea fluxes,

Table 1. Annual Air-Sea Heat Flux Components (Mean 6 Standard Error in Units of W m22)

Period Net Flux Shortwave Longwave Latent Sensible

2001–2004 44 6 5 193 6 4 241 6 1 299 6 2 28 6 1
2004–2009 32 6 4 190 6 2 244 6 1 2107 6 3 28 6 1
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as well as the changes in Ekman transport and pumping. The winds exhibit a consistent annual cycle, partic-
ularly during 2004–2009; winds are weakest from December to February and gradually increase to a maxi-
mum in September (Figure 4c). Further discussion of the air-sea fluxes at the Stratus mooring are provided
by Weller [2014], who identified long-term trends in wind stress, latent heat flux, and net heat flux.

3.3. Advection
We employ a new method for estimating the advection term of the heat budget. We make monthly esti-
mates of heat advection at the mooring using profiles of the horizontal temperature gradient calculated
with Argo data. Our advection term includes contributions from the gyre circulation, Ekman transport, and
eddies. To calculate the temperature gradient, we utilize the 15 Argo profiles closest to the mooring for
each month; as an illustration, the 15 profiles closest to the Stratus mooring from March 2008 are shown in
Figure 1a. The average distance between the 15 profiles and the mooring is fairly uniform, approximately
300 km; the mean meridional distance is slightly smaller than the mean zonal distance. The profile of the
horizontal temperature gradient for each month is found by fitting best fit planes at 5 m intervals from the
surface to 250 m to the Argo temperature and salinity profiles.

By evaluating the plane fits at the Stratus mooring’s location and averaging over the mixed layer, we create
an estimate of the time series of mixed layer temperature at the mooring (Figure 5). For much of the record,
the Argo-derived mixed layer temperature estimate closely matches the observed monthly mixed layer
temperature at the mooring. The average root-mean-square difference between the two records is 0.29�C,
with the largest differences occurring in March, April, and May (particularly for 2009), when the SSTs are
warmest and the mixed layer depth is shallowest (Figures 4a and 4d). The similarity between the observed
and estimated mixed layer temperature records gives us confidence that our method for estimating the
horizontal temperature gradient is effective.

The mean horizontal temperature and salinity gradients at the Stratus mooring reflect the hydrographic fea-
tures of the SEP (Figure 6). The mean zonal temperature gradient at the mooring is negative from the sur-
face to 250 m depth (Figure 6c). Coastal upwelling, driven by northward winds along South America, causes
isopycnals to tilt up toward the coast, bringing cooler subsurface waters closer to the surface [Blanco et al.,
2001; Schneider et al., 2003]. Evaporation greatly exceeds precipitation in the center of the SEP’s subtropical
gyre, creating a warm and salty surface layer known as Subtropical Surface Water to the west. Eastern South
Pacific Intermediate Water, identifiable as a shallow salinity minimum layer that originates in the eastern
South Pacific, exists below the surface layer and shoals and freshens toward shore and to the north [Reid,
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1973; Tsuchiya and Talley, 1998; Schneider
et al., 2003; Karstensen, 2004]. The zonal
salinity gradient changes sign below the
salinity minimum layer (Figure 6g).

The mean meridional temperature gradi-
ent at the Stratus mooring is more com-
plicated; it is negative from
approximately 75 to 200 m depth (cooler
water toward the north), and is mostly
smaller than the zonal gradient at the
mooring (Figure 6d). The Stratus mooring
corresponds to approximately the deep-
est point in the ‘‘trough’’ structure of the
gyre, visible in the mixed layer and tem-
perature structure in Figure 6b; this
‘‘trough’’ structure causes the meridional
temperature gradient to change sign. If
the mooring was located at 22�S, the
meridional temperature gradient would
be positive to a depth of approximately
150 m, and much more similar to the
meridional temperature gradient used in
Colbo and Weller [2007, Figure 10], which
was positive to a depth of 200 m. The
mean meridional salinity gradient is posi-
tive at all depths (Figure 6h).

The mean flow measured at the Stratus
mooring is weak. It features southwest-
ward Ekman transport at the surface and
northwestward gyre-scale mean flow at
depth (Figures 1b, 7b, and 7c). Over
2004–2009, the mean zonal velocity was
negative (offshore) at all depths; this con-
trasts with the mean zonal velocity over
2001–2004, which was smaller and
onshore over 50–250 m depth (Figure
7b). Colbo and Weller [2007] noted that
the velocity during their study period was
predominately northward, as zonal flows
were particularly weak during their study.

This was unexpected, as previous studies had found evidence for more zonal flows [Johnson and McPhaden,
1999], similar to the mooring observations over 2004–2009.

The velocity record at the mooring is highly variable (Figures 2c and 2d). Strong velocity pulses, likely due
to eddies, are much larger than the mean velocity (Figure 7a). Eddies in the SEP have propagation speeds
on the order of 3 cm s21 [Chaigneau and Pizarro, 2005a] and the average eddy radius in the SEP is approxi-
mately 85 km [Chelton et al., 2011; Holte et al., 2013]. This suggests that it takes the average eddy more than
2 months to transit past the mooring. Therefore, as most eddies in the SEP have time scales greater than a
month, some eddy signals are expected to be captured in our calculation. Averaging the budget over
annual and longer time scales smooths the eddy signals, which are evident as large variations in the advec-
tive heat flux.

Integrated from 0 to 250 m, the mean advective heat flux at the Stratus mooring is 241 6 29 W m22, with a
cooling zonal component and a warming meridional component (Figure 8). Again, this heat advection is
due to a combination of geostrophic gyre circulation, Ekman transport, and eddy contributions. The large
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cool advection in the surface layer is likely due to Ekman transport. Much like the velocity record, the time
series of the monthly advective heat flux is dominated by large pulses likely associated with eddies; this var-
iability is reflected in the relatively large standard error. The strongest advective cooling occurred in 2007,
during a La Ni~na year, due to particularly strong offshore zonal velocities.

Our estimate of the advective heat flux contrasts with Colbo and Weller [2007], who calculated a flux of
214 6 5 W m22, due primarily to cool geostrophic advection in the meridional direction and to a warming
Ekman transport. To calculate the component of the advective heat flux due to geostrophic circulation,
Colbo and Weller [2007] used a World Ocean Atlas historical climatology to estimate the meridional temper-
ature gradient; they used a collection of CTD and XBT profiles to estimate the zonal temperature gradient,
as the atlas had a resolution of 10� longitude by 1� latitude. Both gradient estimates were fixed in time. The
mean geostrophic velocity profile was computed by temporally averaging the velocity record beneath
58 m. Colbo and Weller [2007] computed a geostrophic heat advection of 220 W m22, mostly due to merid-
ional heat advection. To estimate the advective heat flux due to Ekman transport, Colbo and Weller [2007]
used weekly averaged satellite wind and SST fields; they found a warming Ekman heat flux of 6 W m22. Our
advective heat flux, as well as the differences in the advective heat flux between our study and Colbo and
Weller [2007] are further discussed in section 5.

3.4. Ekman Pumping
To estimate the Ekman pumping term, we follow the same procedure as Colbo and Weller [2007] and obtain
the vertical velocity profile by assuming Sverdrup dynamics. Using Argo and QuikSCAT data, Gray and Riser
[2014] found that over the subtropics and tropics, including the SEP, Sverdrup balance provided a reasona-
ble quantitative picture of the observed circulation. We assume that beneath the Ekman layer the eddy sig-
nal averages out over the 6 years of our study. We apply the Sverdrup relation, wz5bv=f , to the monthly
meridional velocities, obtaining monthly profiles of the gradient of the vertical velocity. The wz profile is
integrated downward from a depth of 20 m such that the near surface maximum in the vertical velocity
matches the Ekman pumping velocity derived from CCMP wind fields, providing a profile of the vertical
velocity at the mooring. Ideally, we would integrate Sverdrup balance from the surface, where the vertical
velocity must be zero, to avoid uncertainties associated with matching the near surface velocity maximum
to the Ekman pumping velocity. However, as noted by Colbo and Weller [2007], the mooring does not
resolve the velocity in the upper 20 m well enough to integrate from the surface. Profiles of the annual dis-
placement are shown in Figure 9a.

The Ekman pumping term contributes 10 6 9 W m22 to the heat budget (Figure 9b). This is larger than the
3 6 5 W m22 found by Colbo and Weller [2007]. This is likely due to slight differences in the meridional
velocity over the two time periods (Figure 7c). In particular, the mean meridional velocity for 2006 was neg-
ative at all depths, contrasting with all of the other annual means. Excluding this year reduces our estimate
of the Ekman pumping term to 6 W m22, which is much closer to the Ekman pumping term in Colbo and
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Weller [2007]. The CCMP wind fields also indicate that the Ekman pumping velocity at the base of the Ekman
layer increased by approximately 1 m yr21 for 2004–2009 relative to 2001–2004.

3.5. Vertical Mixing
The Stratus mooring’s temperature record features a small vertical temperature gradient at 250 m, approxi-
mately 0.02�C m21 (Figure 2b). As in Colbo and Weller [2007], we assume a vertical diffusivity (jv ) of 3 3

1025 m2 s21, leading to an average annual heat flux of 23 6 0.1 W m22 due to vertical mixing. This matches
the mean value calculated by Colbo and Weller [2007].

3.6. Residual
The terms of the Stratus mooring heat budget are shown in Table 2, both for our 2004–2009 budget and
for Colbo and Weller’s [2007] 2001–2004 budget. There are considerable differences in the budgets,
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particularly for the advective heat flux and for the net air-sea heat flux, as well as for the residual. We esti-
mated a much larger advective cooling term at the mooring than Colbo and Weller [2007]. Similarly, over
2004–2009, the mooring observed a smaller air-sea heat flux than for Colbo and Weller’s [2007] study period,
2001–2004. The residual of our budget is 2 6 29 W m22, whereas Colbo and Weller’s [2007] budget has a
residual of 230 6 12 W m22. The differences between the two budgets, as well as their interpretation, are
discussed in section 5.

4. Salinity Budget

We also calculate a salinity budget for 2004–2009 using Stratus mooring and Argo data. The salinity budget
has the same formulation as the heat budget, although the air-sea flux term takes the form ðE2PÞS. Salinity
(S) and precipitation (P) are measured. Evaporation (E) is calculated using E 5 QLH=qle, where QLH is the
latent heat and le is the latent heat of vaporization. Integrating the salinity budget over the year gives salin-
ity flux in units of psu m. A negative term implies freshening, whereas a positive term implies salinification.

As with the heat budget, our salinity budget suggests that mean advection (260 6 34 psu m) largely com-
pensates for the substantial amount of freshwater removed by evaporation in the SEP (E2P of 47 6 1.3 psu
m) (Table 3). As with the heat budget, the salinity advection term is highly variable. The residual of our salin-
ity budget is small, 22 6 34 psu m. The air-sea flux term is larger for 2004–2009 than for Colbo and Weller’s

[2007] budget because the latent heat flux
increased by 8 W m22 compared to 2001–2004
(Table 1). In general our salinity budget is fairly
similar to Colbo and Weller’s [2007] salinity
budget.

5. Discussion and Summary

The southeast Pacific Ocean (SEP) features one of
the world’s largest subtropical stratocumulus
cloud decks, making it important to global cli-
mate. The clouds are maintained over the SEP’s
relatively cool SST, so changes in the upper
ocean heat content of the SEP could affect the
global climate system’s absorption of solar radia-
tion, as well as the substantial fisheries in the
upwelling region off of the coasts of Chile and
Peru. These clouds and their radiative effects
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were characterized in de Szoeke et al. [2012]. Many coupled GCMs struggle to reproduce the extensive stra-
tus clouds or the cool SSTs of the SEP [Mechoso et al., 1995; Ma et al., 1996; de Szoeke and Xie, 2008; Lauer
et al., 2010]. Improving our understanding of the heat budget of the SEP will allow us to better understand
climate variability in this region.

Numerous processes contribute to the SEP’s upper ocean heat balance, including gyre circulation, Ekman
transport, and pumping, vertical mixing, and horizontal eddy heat flux divergence. The SEP is a region of
net ocean heat gain through air-sea fluxes [Colbo and Weller, 2007; Yu and Weller, 2007]. We assess the
annual heat budget of the SEP for the period 2004–2009, using data from the upper 250 m of the Stratus
mooring, located at 85�W 20�S, and Argo floats, in order to understand how the SEP maintains relatively
cool SSTs despite such strong surface forcing.

Our primary findings are as follows. We find that a cool advective heat flux of 241 6 29 W m22, accom-
plished by a combination of the mean gyre circulation, Ekman transport, and eddies, compensates for a
warming air-sea heat flux of 32 6 4 W m22; vertical mixing and Ekman pumping terms contribute an addi-
tional 7 W m22 of warming. The advection term is highly variable year to year, likely due to the passage of
eddies. Compared to Colbo and Weller’s [2007] heat budget for the 2001–2004 period, our advective term
accomplishes much more cooling (241 W m22 versus 214 W m22) and our observed air-sea heat flux is
smaller (32 W m22 versus 44 W m22). The residual of our budget, 2 6 29 W m22, is much smaller than the
230 6 12 W m22 residual of Colbo and Weller’s [2007] budget. The differences between the two budgets,
examined more thoroughly below, are due to a combination of different observation periods and different
methodologies. A salinity budget also confirms that advection of freshwater (260 psu m), primarily in the
zonal direction, replenishes the freshwater lost through evaporation (47 psu m) and to Ekman pumping (14
psu m).

Our method of calculating the advective term of the heat budget differs greatly from the method employed
by Colbo and Weller [2007]. We use Argo profiles to estimate the horizontal temperature gradients near the
Stratus mooring. With the available Argo coverage we can generate monthly estimates of the horizontal
temperature gradient profiles; these gradients are combined with the mooring’s velocity record to estimate
the heat advection. An estimate of the mixed layer temperature at the mooring derived from the monthly
Argo gradients (Figure 5) closely matches the observed mooring mixed layer temperatures. Our advection
term includes contributions from the mean gyre circulation, Ekman transport, and eddies, whereas Colbo
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Table 2. Heat Budget Terms (W m22)a

Surface Flux Advection Ekman Ekman Pumping Vertical Mixing Residual

Colbo and Weller 44 6 5 220 6 5 6 6 4 3 6 5 23 6 2 230 6 12
2004–2009 32 6 4 241 6 29 NA 10 6 9 23 6 0.1 2 6 29

aColbo and Weller’s [2007] terms include their estimates of the total error; ours include the standard error. Colbo and Weller [2007]
interpreted the residual as the eddy heat flux divergence.
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and Weller’s [2007] advective term includes contributions from the mean gyre circulation and Ekman trans-
port. Colbo and Weller [2007] relied on the World Ocean Atlas historical climatology to estimate the meridio-
nal temperature gradient and on a collection of CTD and XBT profiles to estimate the zonal temperature
gradient. These gradients were fixed in time. They used satellite fields to estimate the heat advection due
to Ekman transport.

Our advective term, 241 6 29 W m22, has a much larger cooling influence than the 214 6 4 W m22 advec-
tive term calculated by Colbo and Weller [2007] (Table 2). Our cooling was primarily due to zonal advection
(Figure 8), whereas for Colbo and Weller [2007] it was primarily due to meridional advection. It is difficult to
directly compare the advection estimates because the methods and data used in computing them are so
different. An analysis of heat advection by mean fields using 2009 World Ocean Atlas data [Locarnini et al.,
2010] to calculate the temperature gradients reveals that the difference in heat advection between our
budget and Colbo and Weller [2007] was primarily due to changes in the zonal velocity. Changes in the
meridional temperature gradient and Ekman transport also contributed to the difference in heat advection.

Over 2001–2004, the meridional velocity and zonal velocities at the Stratus mooring had similar magni-
tudes, whereas our study period featured stronger offshore zonal flows (Figure 7) more in line with previous
studies, such as Johnson and McPhaden [1999]. This increase in the offshore zonal flow was also observed in
geostrophic velocities calculated using AVISO SLA and CNES-CLS09 v1.1 mean dynamic topography fields
[Rio et al., 2011] and an assumption of geostrophic balance. The mean dynamic topography for 2004–2009
is shown in Figure 1b; the geostrophic velocities follow the mean dynamic height contours. The AVISO-
derived offshore zonal geostrophic velocity at the mooring increased by approximately 2 cm s21 during our
study period compared to 2001–2004.

Our mean meridional temperature gradient differs from Colbo and Weller’s [2007] mean meridional tem-
perature gradient. Our temperature gradient is negative from 75 to 200 m (Figure 6d), producing warm
meridional advection (Figure 8). In the World Ocean Atlas data used by Colbo and Weller [2007], however,
the meridional temperature gradient at the Stratus mooring was positive to a depth of 200 m, producing
cool meridional advection. This discrepancy is likely tied to the mooring’s position in the ‘‘trough’’ struc-
ture of the gyre, close to a region where meridional gradients change sign (Figures 6b and 6d). Colbo and
Weller [2007] noted that uncertainties in the World Ocean Atlas fields were likely to be the largest source
of error in their advection calculation. Based on the differences in the meridional gradient, it seems likely
that the center of the Atlas gyre’s ‘‘trough’’ is shifted northward relative to the ‘‘trough’’ in the Argo
observations.

Colbo and Weller [2007] calculated a warm Ekman transport of 6 6 4 W m22, whereas we identified a cool
Ekman transport (Figure 8). The warm Ekman advection surprised Colbo and Weller [2007], as they had
anticipated that Ekman transport would transport cool coastal waters offshore. In a modeling study, Colas
et al. [2011] found a cooling Ekman transport in the SEP, in line with our results. Recalculating Colbo and
Weller’s [2007] satellite-based Ekman transport with CCMP winds and new SST fields, we find a cool Ekman
transport for their study period, as well as ours, of approximately 22 W m22. The seasonal cycle likely
affects Ekman transport because the largest zonal SST gradients (most negative) occur in August, Septem-
ber, and October, when the winds are strongest. The enhanced cooling due to Ekman transport for our
budget could also be tied to the increase in winter wind stress for 2004–2009 (Figure 4c).

The net air-sea heat flux during our study period, 32 6 4 W m22, is approximately two-thirds of the flux
observed during Colbo and Weller’s [2007] study period, 44 6 5 W m22 (Table 1 and Figure 4). Weller [2014]
thoroughly documented the trends in the Stratus moorings’ air-sea flux observations, including a decrease
in the net air-sea heat flux of approximately 4 W m22 per year. It is uncertain how this reduction in the air-
sea heat flux will impact the local heat and salt balances, as less net warming may reduce the stability of
the upper ocean and enhance vertical mixing.

Table 3. Salinity Budget Terms (psu m)a

Surface Flux Advection Ekman Ekman Pumping Vertical Mixing Residual

Colbo and Weller 40 6 4 252 6 3 6 6 5 16 6 5 1 6 1 211 6 5
2004–2009 47 6 1.3 260 6 34 NA 14 6 4 1 6 0.2 22 6 34

aColbo and Weller’s [2007] terms include their estimates of the total error; ours include the standard error.

Journal of Geophysical Research: Oceans 10.1002/2014JC010256

HOLTE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8173



The residual of our budget, 2 6 29 W m22, is much smaller than the 230 6 12 W m22 residual of Colbo and
Weller’s [2007] budget. Colbo and Weller [2007] interpreted their budget’s residual as the eddy heat flux
divergence; they reasoned that eddies in the SEP, which form near the coast, transport cool, coastal water
offshore, thus providing the necessary cooling at the mooring. Recent studies, however, have suggested
that eddies are likely not crucial to the upper ocean heat budget of the SEP [Zheng et al., 2010; Toniazzo
et al., 2010; Colas et al., 2011; Holte et al., 2013]. Some eddy signal is incorporated into our mean monthly
heat advection term; by computing the heat advection due to mean fields (dashed lines in Figure 8) and
comparing it to the mean monthly heat advection, we can isolate a portion of the eddy signal. The heat
advection by mean fields is slightly greater, 249 W m22, suggesting that processes on shorter time scales
(potentially eddies) have a warming influence at the Stratus mooring. Similarly, the salinity advection by
mean fields is 269 psu m, suggesting that processes on shorter time scales increase the salinity at the
mooring, counter to the mean advective freshening. Anticyclonic eddies in the SEP are associated with
warm and saline anomalies [Chaigneau and Pizarro, 2005a; Holte et al., 2013]. Using the Chelton et al. [2011]
eddy census, we find that seven more anticyclonic eddies passed within 3� of the mooring than cyclonic
eddies over 2004–2009, potentially accounting for the difference between the mean heat advection and
the heat advection by mean fields. But to put this in perspective, this should be considered a mere sampling
artifact. The eddies are too variable and there are too few of them to identify their rectified effect with any
certainty.

Some of the differences between Colbo and Weller’s [2007] 2001–2004 budget and our 2004–2009 budget
could be due to the interannual variability of the SEP. The Multivariate ENSO Index, mostly positive from
2001 to 2006, was strongly negative during the 2007–2008 La Ni~na. The water column at the Stratus moor-
ing was particularly cool and fresh in 2007 and 2008; the especially cold mixed layers during the winter of
2007 are evident in Figures 2b and 5. The strongest cool/fresh advection occurred in 2007, primarily due to
enhanced zonal advection. The winter of 2006 featured a particularly warm and shallow mixed layer (Figure
2b), the strongest warm/salty advection, primarily zonal, and the largest Ekman pumping heat flux (Figure
9b). This correspondence suggests a connection between advection and the interannual variability of the
upper ocean temperature at the mooring location. Similarly, in a modeling study, Shinoda and Lin [2009]
found that heat advection associated with ENSO events primarily controlled the interannual SST variation in
the stratus cloud region north of 20�S, although they found that meridional advection was more important
than zonal advection. The positive ENSO index during 2001–2004 suggests that Colbo and Weller’s [2007]
budget may have been calculated for a period of reduced advective cooling.

The homogeneity of many meteorological and oceanographic observations of the SEP leads us to speculate
that similar air-sea forcing, dynamics, and heat balances likely predominate over a wide swath of the SEP
near the Stratus mooring. From the perspective of the surface forcing, the SEP is characterized by a lack of
synoptic weather systems, as their passage is blocked to the east by the Andes, and surface forcing fields, in
general, have the spatial scale of the South Pacific high-pressure cell. de Szoeke et al. [2012] examining the
air-sea fluxes along 20�S, 75�W–85�W from a number of cruises to the Stratus mooring, noted that despite
zonal gradients in boundary layer and cloud vertical structure, surface radiation and cloud radiative forcing
were relatively uniform in longitude. No permanent frontal structures have been observed along 20�S,
75�W–85�W in hydrographic data collected on cruises to the mooring. Similarly, the Argo composite zonal
temperature gradient exhibits a consistent pattern (Figure 6). If zonal flows are directed offshore, as is sug-
gested in Figure 1, then we can expect zonal advective cooling throughout this longitude range. Zonal
advection is the dominant cooling term for the Stratus mooring heat budget. The meridional temperature
gradient changes sign to the north of the mooring, so it is difficult to extrapolate meridional heat advection
beyond the Stratus mooring. Consistent with the small residual (eddy heat flux divergence) of our budget,
Chaigneau and Pizarro [2005b] observed weak eddy kinetic energy offshore in the SEP, including near the
Stratus mooring. While these observations suggest that, in general, the dominant terms of our budget could
hold over a considerable region near the Stratus mooring, there are not enough observations, particularly
of velocity, to verify this conjecture.

Although GCM results might not be representative of individual points, our results are supported by a num-
ber of recent modeling studies. Zheng et al. [2010] found that the net incoming solar heat flux of 18 W m22

was nearly fully balanced by the gyre circulation of upwelled cold water from the coast. Colas et al. [2011]
found that a combination of mean circulation, with a small contribution from Ekman transport, balanced
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atmospheric heating of approximately 20 W m22. Toniazzo et al. [2010] noted the importance of transient
features to the SEP’s heat budget, as well as the necessity of taking long-term averages. These modeling
studies also argued that the eddy heat flux divergence was not spatially coherent, and therefore was
unlikely to contribute to the SEP’s heat balance as suggested by Colbo and Weller [2007].

Our results suggest that in order for GCMs to correctly model the SEP, they must accurately reproduce hori-
zontal temperature and salinity gradients and velocities. Similarly, Colas et al. [2011] noted that in many
GCMs a misrepresentation of the upwelling circulation, the Peru-Chile Undercurrent, and mesoscale eddies
changed the offshore gradients and velocities. Zheng et al. [2011] examined 19 coupled GCMs and found
that biases in heat transport by Ekman currents largely contributed to the warm SST biases both near the
coast and in the open ocean. Improving GCM representations of the SEP will better allow us to understand
model projections of climate change.

The large standard error in the advection term (Figure 8) suggests that continued observations from the
Stratus mooring are crucial. Assessing the heat budget on shorter time scales is difficult because of the large
eddy signals, particularly in velocity (Figure 7a); the temperature gradients do not vary as greatly as the
velocity. Our individual annual budgets vary considerably, and only by averaging over 6 years does the
residual shrink. It is unknown how climate change will influence the SEP, perhaps leading to decreased
trade winds [Vecchi et al., 2006] or increased trade winds (R. Weller, submitted manuscript, 2014); there will
be continuing challenges in understanding the local heat and salt balances of the upper ocean in such non-
stationary conditions.
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